Tegument proteins of herpes simplex virus type 1 (HSV-1) are hypothesized to contain the functional information required for the budding or envelopment process proposed to occur at cytoplasmic compartments of the host cell. One of the most abundant tegument proteins of HSV-1 is the U L 49 gene product, VP22, a 38-kDa protein of unknown function. To study its subcellular localization, a VP22-green fluorescent protein chimera was expressed in transfected human melanoma (A7) cells. In the absence of other HSV-1 proteins, VP22 localizes to acidic compartments of the cell that may include the trans-Golgi network (TGN), suggesting that this protein is membrane associated. Membrane pelleting and membrane flotation assays confirmed that VP22 partitions with the cellular membrane fraction. Through truncation mutagenesis, we determined that the membrane association of VP22 is a property attributed to amino acids 120 to 225 of this 301-amino-acid protein. The above results demonstrate that VP22 contains specific information required for targeting to membranes of acidic compartments of the cell which may be derived from the TGN, suggesting a potential role for VP22 during tegumentation and/or final envelopment.
The virion proteins of herpes simplex virus type 1 (HSV-1) are arranged within three morphologically distinct components of the virus: the nucleocapsid, the host-derived lipid envelope containing glycoproteins and other transmembrane proteins, and the tegument, the proteinaceous region of the virus located between the capsid and the envelope (49) . The herpesvirus assembly process involves a complex sequence of events occurring in numerous cellular compartments. It is well established that capsid assembly and DNA packaging occur within the nucleus (49). The assembled nucleocapsids are then shuttled into the cytoplasm by a budding-fusion process that takes place on the inner and outer nuclear membranes, respectively (reviewed in references 21, 39, and 40) . Current evidence supports a model where final tegumentation and envelopment of herpesviruses occur when nucleocapsids bud into cytoplasmic vesicles, which may be derived from the trans-Golgi network (TGN) (9, 24-27, 31, 40, 50, 53, 56, 60, 63, 64, 66) . Subsequently, these cytoplasmic vesicles containing enveloped particles are transported to the plasma membrane, where fusion results in the release of progeny virus (40) .
The molecular mechanisms underlying the formation of the tegument region remain largely undefined for HSV-1 (40, 49) . Historically, the tegument has been described as an amorphous proteinaceous region where the arrangement of composite proteins is largely random; however, recent evidence suggests that the tegument is an organized structure built through specific protein-protein interactions (reviewed in reference 40) . Nevertheless, the nature of these interactions and the functions of most of the tegument proteins are unknown. Although certain tegument proteins tend to associate with the capsid while others may interact with glycoproteins or the lipid envelope, evidence indicates that collectively, tegument proteins contain all of the functions necessary to facilitate budding within cytoplasmic vesicles (38, 48, 58) . Therefore, it is our goal to provide new insight regarding what tegument proteins are localized to cytoplasmic compartments as well as how they may interact to form stable structures as a prelude to the process of tegumentation and HSV-1 assembly. The studies described in this report are focused on HSV-1 VP22, a major component of the tegument region.
One of the most abundant tegument proteins in HSV-1 is the 301-amino-acid protein VP22, the product of the U L 49 gene (20) . According to studies performed by Heine et al., nearly 2,000 copies of VP22 were estimated to be present within each virion (29) . Despite its abundance, very little is known regarding the role of VP22 during HSV-1 infection. Attempts to make a VP22-null virus have been unsuccessful, but the carboxy-terminal 89 amino acids do not appear to be necessary for production of infectious virus (46) . VP22 is reported to be highly phosphorylated as well as capable of interacting with another major tegument protein, VP16 (13, 18, 19, 23) . Several studies have focused on analyzing the localization of VP22 in both transfected and infected cells (1, 6, 14-17, 32, 37, 45) . These studies have suggested dynamic trafficking properties of VP22, where the protein is capable of both cytoplasmic and nuclear accumulation (1, 6, 14-17, 32, 37, 45) . In one study, by use of live-cell fluorescence during virus infection, VP22 demonstrated a punctate cytoplasmic localization reminiscent of the Golgi apparatus (16) . This localization and its significance as an intrinsic property of VP22 have never been addressed.
In the present investigation, we examined the subcellular localization and membrane association of VP22. Using confocal microscopy, we observed that VP22 localized to acidic compartments of the cell, which may include the TGN. Given the punctate fluorescence exhibited by VP22, we addressed the ability of VP22 to associate with cellular membranes. Through truncation mutagenesis, we determined that membrane association of VP22 is a specific property that can be attributed to a particular region of the protein.
MATERIALS AND METHODS
Cells. A7 (human melanoma) cells, a gift from Gary Thomas (The Oregon Health Sciences University, Portland), were grown in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum, 2.25% sodium bicarbonate, 25 mM HEPES buffer, glutamine (0.3 g/ml), penicillin (65 g/ml), and streptomycin (131 g/ml) (61) .
Construction of VP22-GFP and VP22 truncation mutants. The U L 49 gene used for this study was PCR amplified from the HSV-1 KOS genome by using Platinum Taq polymerase (Invitrogen) (20, 54) . PCR was performed with a forward primer (containing a BglII site) complementary to the sequence located 92 bp upstream of the VP22 start codon and a reverse primer (containing a HindIII site) complementary to the 3Ј end of the U L 49 gene but with a mutation to the stop codon of VP22 (TGA3TGC) to allow for read-through. This product was cut with BglII and HindIII and cloned into the multiple cloning site (MCS) of the pEGFP-N2 vector (Clontech), producing a plasmid, pVP22.GFP, that encodes a VP22-green fluorescent protein (GFP) chimera.
The VP22 C-terminal truncation mutants were made in a similar fashion, but pVP22.GFP was used as the source of the U L 49 gene. A forward primer (containing a BglII site) complementary to the junction of the MCS and 5Ј upstream sequence of U L 49 and a reverse primer (containing a HindIII site) complementary to the region of the gene corresponding to the designated truncation were used to PCR amplify the truncated U L 49 gene. This product was cut with BglII and HindIII and cloned into the MCS of the pEGFP-N2 vector, resulting in a vector that encodes a VP22.1ϪAA.GFP fusion protein.
The VP22 N-terminal truncations were constructed by overlap PCR mutagenesis. The forward primer (F 1 ), which was also used for C-terminal truncation mutagenesis (containing a BglII site), and a reverse primer (R 1 ) complementary to the start codon of VP22 and the sequence immediately upstream of the start codon were used to generate a product containing the upstream sequence and initiator codon of the U L 49 gene. In a parallel PCR, a forward primer (F 2 ) complementary to both the R 1 primer and the site of truncation and a reverse primer (R 2 ) (containing a HindIII site) complementary to the 3Ј end of the U L 49 gene were used to generate a product containing the N-terminal truncation of the U L 49 gene. The upstream product and the U L 49 truncation product were then combined along with primers F 1 and R 2 in a PCR to generate a truncated U L 49 gene with the appropriate start codon and upstream sequence. This product was cut with BglII and HindIII and cloned into the MCS of the pEGFP-N2 vector, generating a vector that encodes a VP22.AAϪ301.GFP fusion protein.
The U L 49 gene that was cloned as a fusion construct with the gene encoding GFP and all of the subsequent U L 49 truncation mutants were sequenced in their entirety to authenticate the identity of the PCR products.
Expression and metabolic labeling of VP22 chimeras. A7 cells were transfected by the calcium phosphate method, as previously described (12) . To measure the levels of expression and expected molecular masses of the VP22 chimeras, lysates of transfected cells were assayed by Western blotting using an antibody raised in rabbits against a peptide derived from the GFP protein (Clontech). Bound antibody was detected with a goat anti-rabbit antibody conjugated to peroxidase (Sigma) by chemiluminescence with ECL reagents (Amersham Pharmacia) and Kodak X-Omat AR5 film.
Metabolic labeling of A7 cells, grown in 35-mm-diameter plates, was performed at approximately 20 h posttransfection. Cells were starved for 15 min in methionine-free, cysteine-free DMEM (Invitrogen) and then metabolically labeled with 45 Ci (Ͼ1,000 Ci/mmol) of EXPRE 35 S 35 S Protein Labeling Mix (Perkin-Elmer) in 400 l of methionine-free, cysteine-free DMEM for 2.5 h. Cells were harvested and mixed with radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 0.1% sodium dodecyl sulfate [SDS], 1% sodium deoxycholate, 1% Triton X-100, 25 mM Tris [pH 8.0]) supplemented with protease inhibitors (Sigma). VP22 chimeras were then immunoprecipitated by using a polyclonal goat anti-GFP serum (Rockland) and protein A (65) .
Immunoprecipitated proteins were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) on 10% polyacrylamide gels. The gels were both fixed and dried. Radiolabeled proteins were detected by autoradiography with Kodak X-Omat AR5 film. Gels were exposed to film for 1 to 2 days.
Confocal microscopy of VP22 chimeras. A7 cells were transfected with the VP22 chimeras as described above. For transfection-infection experiments, A7 cells transfected for 24 h were infected with HSV-1 KOS (multiplicity of infection, 10) in 1% fetal bovine serum in phosphate-buffered saline (PBS). At various time points between 12 and 36 h posttransfection, cells were washed twice in Tris-buffered saline and immediately viewed by using a Zeiss laser-scanning microscope with a helium-argon laser.
In order to study the subcellular localization of VP22-GFP, immunofluorescence was performed on A7 cells. Approximately 24 h posttransfection, cells were fixed with 3% paraformaldehyde in PBS and permeabilized with 0.1% Triton X-100 in PBS. Subsequently, cell monolayers were incubated for 1 h with either a monoclonal antibody raised against AP-1 (Sigma) or a polyclonal sheep antibody raised against TGN-46 (Serotec). Cells were then incubated with either a goat anti-mouse immunoglobulin G antibody conjugated to tetramethyl rhodamine isothiocyanate (TRITC) (Sigma) or a rabbit anti-sheep antibody conjugated to Texas Red (Rockland). Intrinsic GFP fluorescence was observed as described above, while immunofluorescence was detected by using the heliumneon laser of the Zeiss laser-scanning microscope. Images were colored and digitally combined in Adobe Photoshop, version 7.0.
Live-cell fluorescence using LysoTracker Red (Molecular Probes) was performed at a concentration of 5 l of LysoTracker/ml of DMEM. A7 cells were treated for 1.25 h at 37°C and were subsequently washed with Tris-buffered saline. GFP fluorescence and LysoTracker Red staining were observed by confocal microscopy as described above.
Membrane pelleting and quantitation of membrane association by fluorometry. At 20 h posttransfection, A7 cells were washed twice and harvested in cold PBS. Intact cells were pelleted at 1,000 ϫ g for 5 min (at 4°C) and resuspended by mild vortexing in 1 ml of hypotonic buffer (10 mM Tris, 0.2 mM MgCl 2 [pH 7.4]) supplemented with Complete protease inhibitor cocktail (Roche). Following a 30-min incubation on ice, cells were lysed by Dounce homogenization (30 to 35 strokes). Cell lysates were centrifuged at 1,000 ϫ g for 10 min (4°C) to remove unbroken cells and nuclei. Postnuclear supernatants were then centrifuged at 100,000 ϫ g for 40 min (at 4°C) in a Beckman Optima TLX ultracentrifuge to pellet cellular membranes. As a control, replica samples were incubated with 0.5% Triton X-100 for 1 h (at 4°C) prior to centrifugation to solubilize cellular membranes. Soluble and pellet fractions were collected and adjusted to 0.5% Triton X-100 in hypotonic buffer (51) . The amount of VP22 (fused to GFP) present in each fraction was quantitated by using an Aminco-Bowman series 2 fluorescence spectrophotometer with an excitation filter at 488 nm and an emission filter at 514 nm. The percentage of protein pelleted was calculated by dividing the amount in the pellet fraction (P) by the sum of the amounts in the soluble fraction (S) and the pellet fraction [P/(P ϩ S)].
Membrane flotation gradient centrifugation. Methods for analysis of membrane-associated proteins by sucrose density gradient flotation have been described previously (30, 42, 55) . By using a modified form of this assay, a 100-mm-diameter plate of A7 cells was washed and harvested in cold PBS at 20 h posttransfection. Intact cells were pelleted at 1,000 ϫ g for 5 min (at 4°C) and resuspended by mild vortexing in 0.8 ml of hypotonic buffer supplemented with Complete protease inhibitor cocktail (Roche). Following a 30-min incubation on ice, cells were lysed by Dounce homogenization (30 to 35 strokes). Cell lysates were centrifuged at 1,000 ϫ g for 10 min (at 4°C) to remove unbroken cells and nuclei. Then 0.3 ml of postnuclear supernatant was mixed with 1.6 ml of 85% (wt/vol) sucrose in NTE buffer (100 mM NaCl, 10 mM Tris, 1 mM EDTA [pH 7.4]) (final sucrose concentration, 71.5%) and placed at the bottom of a centrifuge tube. Next, 7 ml of 65% sucrose in NTE and then 3.1 ml of 10% sucrose in NTE were layered into the centrifuge tube. This sucrose step gradient was then centrifuged at 100,000 ϫ g for 18 h (at 4°C) in a Beckman SW41 rotor. Twelve 1-ml fractions were collected from the bottom of the tube for analysis by fluorometry. The amount of VP22 (fused to GFP) present in each fraction was determined by dividing the amount of fluorescence in a given fraction (F x ) by the sum of the fluorescences of all fractions [
Radioimmunoprecipitation of membrane flotation gradient fractions required metabolic labeling of transfected A7 cells grown in 100-mm-diameter plates. Approximately 20 h posttransfection, cells were starved for 15 min in methionine-free, cysteine-free DMEM (Invitrogen) and then metabolically labeled with 135 Ci (Ͼ1,000 Ci/mmol) of EXPRE 35 S 35 S Protein Labeling Mix (PerkinElmer) in 2 ml of methionine-free, cysteine-free DMEM for 2.5 h. Cells were harvested and membranes were floated as described above. The 12 1-ml fractions were mixed in a 1:1 ratio with 2ϫ RIPA buffer and then incubated overnight at 4°C with a polyclonal goat anti-GFP antibody (Rockland) (65) . Fractions were immunoprecipitated with protein A (65) . Immunoprecipitated proteins were resolved by SDS-PAGE on 10% polyacrylamide gels. The gels were both fixed and dried. Radiolabeled proteins were detected by autoradiography with Kodak X-Omat AR5 film. Gels were exposed to film for approximately 1 week. PhosphorImager analysis (Molecular Dynamics) was performed to determine the Differential extraction of cellular membranes was performed on the postnuclear supernatants of transfected, radiolabeled A7 cells. Membrane-associated proteins were extracted with either 1 M NaCl, 0.1 M Na 2 CO 3 (pH 11), or 1% Triton X-100 for 1 h at 4°C and were subsequently processed by using the membrane flotation protocol described above (57) . All experiments involving membrane flotation gradient centrifugation were repeated at least three times to ensure reproducibility.
RESULTS
Although VP22 is one of the most abundant HSV-1 tegument proteins, its role during the events of tegumentation and final envelopment remains poorly defined. The results presented in this report suggest that VP22 associates with cellular membranes and localizes to the acidic compartments of the cell, which may include the TGN, the proposed site for herpesvirus tegumentation and final envelopment.
Intracellular localization of VP22. VP22 encoded in the HSV-1 KOS genome was cloned as a C-terminal fusion protein to GFP (Fig. 1A) so that its localization could be visualized in living cells. A7 human melanoma cells were used for all experiments because these cells are easily transfected, can be productively infected by HSV-1 (data not shown), and have been utilized to study membrane trafficking events at the TGN (44, 61) .
Transfection of A7 cells with the plasmid encoding VP22-GFP followed by Western blot analysis (Fig. 1B) demonstrated that the chimeric protein was expressed and migrated at the expected molecular mass of approximately 64,000 Da. The intracellular localization of VP22 in transfected A7 cells was examined by live-cell fluorescence using confocal microscopy. VP22 exhibited a punctate perinuclear localization in A7 cells (Fig. 1C, left panel) . This pattern was observed at various time points following transfection (data not shown). Transfectioninfection experiments were conducted with A7 cells to determine whether expression of other HSV-1 proteins would alter the localization of VP22. Again, multiple time points were examined, and VP22 localization was visualized by live-cell fluorescence microscopy. At 8 h after infection of transfected cells with HSV-1, the localization of VP22 was similar to that in transfected A7 cells expressing only VP22 (Fig. 1C, right  panel) . Identical results were obtained for VP22-transfected Vero cells at early time points posttransfection (6 to 12 h), but in contrast to A7 cells, at later times after transfection (18 to 36 h), the punctate pattern was accompanied by a filamentous localization (data not shown). However, the filamentous pattern was not observed in Vero cells when the transfectioninfection protocol was used; rather, only a punctate perinuclear fluorescence was observed, as in previous studies (data not shown) (16) . These results suggest that the filamentous pattern of fluorescence exhibited in Vero cells by VP22 is cell type dependent, and therefore we chose to use A7 cells for most of our experiments.
To further define the subcellular localization of VP22, its position relative to those of cellular markers was assessed in fixed and permeabilized cells. Because herpesvirus budding is proposed to occur at the TGN, we hypothesized that this would be the compartment containing the tegument protein. The fluorescence pattern of VP22-GFP in A7 cells was compared to those of two cellular markers for the TGN: AP-1, a major clathrin adaptor protein of the TGN (27) , and TGN-46, a resident glycoprotein of the TGN (27) . Confocal microscopy showed that VP22-GFP ( Fig. 2A and D) and the two cellular markers ( Fig. 2B and E) appear to localize to similar regions of the cell (Fig. 2C and F) . In these experiments, the expression levels of VP22-GFP were much higher than those of the endogenously expressed cellular proteins (AP-1 and TGN-46), and this may explain the failure of all of the VP22-GFP to colocalize with the two cellular proteins. Alternatively, VP22-GFP may be associated with other cytoplasmic vesicles within the cell.
Because fixation and permeabilization of cells can alter the localization of VP22 (6, 8) , we also conducted localization experiments with living cells. For this, we used LysoTracker, a fluorescent pH-sensitive dye that stains the acidic compartments of cells, which include lysosomes, endosomes, and vesicles of the TGN (28) . By use of confocal microscopy, the fluorescence pattern of VP22-GFP (Fig. 2G) and that of Lysotracker (Fig. 2H ) in A7 cells were found to be similar (Fig.  2I) . Thus, it appears that some but not all of the cytoplasmic VP22 localizes with cellular markers specific for acidic compartments of the cell that may include the TGN.
Association of VP22 with cellular membranes. Based on the vesicular nature of VP22-GFP fluorescence and its putative localization to acidic compartments of the cell that may include the TGN, we hypothesized that VP22 is associated with cellular membranes. Initially, a standard cell fractionation technique involving membrane pelleting was used to determine whether VP22 associated with the membrane fraction (51). Since VP22 was fused to GFP, fluorometry could be used to measure the specific fluorescence associated with the soluble and pelleted fractions. As a positive control for membrane binding, we used a chimera consisting of UL11, an HSV-1 tegument protein that is both myristylated and palmitylated (5, 35, 36) , fused to GFP. A fusion protein containing a myristatenegative mutant of UL11, Myr(Ϫ)UL11-GFP, was used as a negative control for membrane association (35) . At 20 h posttransfection, cells were harvested and the membrane fraction was obtained as described in Materials and Methods. Approx- Immunofluorescence was performed on A7 cells that were transfected with the plasmid encoding VP22-GFP. After 20 h posttransfection, cells were fixed with paraformaldehyde and permeabilized with Triton X-100. In panels A to C, cells were labeled with a monoclonal antibody against AP-1, which was detected by a rabbit anti-mouse antibody conjugated to TRITC. Panels A and B are the same field viewed by confocal microscopy with the appropriate wavelength to excite GFP (A) or TRITC (B), and these images were digitally combined to produce the image in panel C. In panels D to F, cells were labeled with a polyclonal sheep antibody against TGN-46, which was detected by a rabbit anti-sheep antibody conjugated to Texas Red. Panels D and E are the same field viewed by confocal microscopy with the appropriate wavelength to excite GFP (D) or Texas Red (E), and these images were digitally combined to produce the image in panel F. (G to I) Subcellular localization of VP22 relative to the acidic compartments of the cell. Live-cell fluorescence was performed on A7 cells expressing VP22-GFP and stained with LysoTracker Red. Panels G and H are the same field viewed by confocal microscopy with the appropriate wavelength to excite GFP (G) or LysoTracker (H), and these images were digitally combined to produce the image in panel I.
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on October 23, 2017 by guest http://jvi.asm.org/ imately 70% of UL11 pellets with the cellular membrane fraction (Fig. 3) . In contrast, only 30% of Myr(Ϫ)UL11 was associated with the membrane fraction. VP22 pelleted with the cellular membrane fraction in amounts similar to those observed with the membrane-associated UL11. To address the possibility that protein aggregation was responsible for the pelleting of VP22, we preincubated each of the cellular lysates with 0.5% Triton X-100 prior to centrifugation, which should solubilize cellular membranes but leave aggregates intact. The amounts of both UL11 and VP22 pelleted from the detergenttreated cell lysates were reduced following solubilization of membranes (Fig. 3) . These results are supportive of the hypothesis that VP22 is associated with the cellular membrane fraction. However, previous reports have suggested that VP22 colocalizes with components of the cytoskeleton (15, 32) , and these complexes might also pellet with membranes (42) . Therefore, it is not possible to definitively evaluate the membrane association of VP22 by using this technique.
To distinguish between membrane-associated proteins and non-membrane-bound complexes, we also analyzed the membrane association of VP22 by membrane flotation gradient centrifugation (42) . This assay has been successfully implemented to study the membrane association of the vesicular stomatitis virus M protein (11), the human immunodeficiency type 1 Gag polyprotein (42, 55) , and the Ebola matrix protein VP40 (30) . Postnuclear supernatants from A7 cells transfected with plasmids encoding either VP22-GFP, UL11-GFP, Myr(Ϫ)UL11-GFP, or GFP were harvested at 20 h posttransfection, adjusted to a concentration of 71.5% (wt/vol) sucrose, placed at the bottom of a centrifuge tube, overlaid with 65% (wt/vol) sucrose and 10% (wt/vol) sucrose, and centrifuged for 18 h at 100,000 ϫ g. During centrifugation, membranes and their associated proteins will float to the 10%-65% sucrose interface due to the buoyant density of lipids while non-membrane-bound entities will remain trapped at the bottom of the gradient. Based on the refractometry data, the membranecontaining 10%-65% sucrose interface occurred between fractions 9 and 10 (data not shown). Each fraction was analyzed by fluorometry, and the percentage of total fluorescence was determined for each fraction (Fig. 4A) . Nearly 40% of UL11 was found at the 10%-65% sucrose interface (fractions 9 and 10), and this could be eliminated by treatment of postnuclear supernatants with 1% Triton X-100 prior to analysis (data not shown). As expected, Myr(Ϫ)UL11 failed to float in these gradients. The flotation profile for VP22 mimicked the profile for UL11, with nearly 25% of VP22-GFP detected at the 10%-65% sucrose interface. GFP-expressing cells were included as an additional negative control for membrane flotation, and the flotation profile of GFP resembled that of Myr(Ϫ)UL11.
As an alternative to fluorometry, we analyzed gradient fractions for the presence of VP22-GFP within membrane flotation gradient centrifugation fractions by immunoprecipitation with an anti-GFP antibody. For this, transfected cells were metabolically labeled with [
35 S]methionine and [ 35 S]cysteine for 2.5 h at 20 h posttransfection. At 22.5 h posttransfection, cells were harvested and postnuclear supernatants were analyzed by membrane flotation gradient centrifugation. Immunoprecipitates were subjected to SDS-PAGE and analyzed by autoradiography (Fig. 4B) . UL11 was found to float to the 10%-65% sucrose interface (fractions 9 and 10). VP22 also floated to the 10%-65% sucrose interface, while only a minimal amount of the negative control, GFP, was detected at the 10%-65% interface. The bands resolved on the polyacrylamide gels were quantitated by PhosphorImager analysis (Fig. 4C) , and the resulting profiles were similar to those obtained by fluorometry (Fig. 4A) . We conclude from these data that the HSV-1 tegument protein, VP22, is associated with cellular membranes. As demonstrated in Fig. 4 , the relative amount of VP22 associated with the cellular membrane fraction is smaller than that of UL11. This could be due to the possibility that different phosphorylation species of VP22 may be localized to different cellular compartments. Alternatively, this observation may be due to the relative strength of the interaction of VP22 with membranes. This pattern of membrane association of VP22 was reproducible, as shown in the subsequent figures.
In an effort to further characterize the nature of the association of VP22 with cellular membranes, postnuclear supernatants from cells expressing VP22-GFP were treated with either 1 M NaCl, 0.1 M Na 2 CO 3 (pH 11), or 1% Triton X-100 for 1 h prior to their analysis by membrane flotation gradient centrifugation. Fractions from the gradients were immunoprecipitated with an anti-GFP antibody, analyzed by SDS-PAGE, visualized by autoradiography, and quantitated by PhosphorImager analysis (Fig. 5) . Mock-treated VP22 floated to the 10%-65% sucrose interface, as observed previously. Pretreatment of postnuclear supernatants with either 1 M NaCl or 1% Triton X-100 resulted in the failure of VP22 to float to the 10%-65% interface, indicating that VP22 can be extracted from cellular membranes by either altering the electrostatic conditions (1 M NaCl) or solubilizing the membrane (1% FIG. 3 . VP22 pellets with cellular membranes. A7 cells were transfected with the indicated plasmids, harvested at 20 h posttransfection, and incubated in hypotonic buffer. Swollen cells were disrupted by Dounce homogenization, and nuclei were removed by low-speed centrifugation. In order to separate membrane-bound entities from soluble forms, the supernatants underwent centrifugation at 100,000 ϫ g. As a control, replica samples were incubated with 0.5% Triton X-100 prior to centrifugation to solubilize cellular membranes. Following centrifugation, soluble and pellet fractions were collected and analyzed for the presence of GFP chimeras by fluorometry. The fraction pelleted was calculated by dividing the amount pelleted by the total amount of protein in the soluble and membrane fractions (see Materials and Methods). Error bars, standard deviations for three independent experiments.
Triton X-100). These two results were anticipated given the extremely basic nature of VP22 and the hypothesis that it is a peripheral membrane protein. In contrast, we found that pretreatment with 0.1 M Na 2 CO 3 had little effect on the ability of VP22 to float in the gradient. Resistance to extraction by 0.1 M Na 2 CO 3 may suggest two different possibilities: either insufficient electrostatic conditions to extract VP22 or actual resistance to alkaline conditions, indicating that VP22 may possess integral membrane protein-like characteristics (57) . Given the 1 M NaCl extraction results, the latter possibility seems unlikely.
Is a specific domain of VP22 responsible for membrane association? To further characterize the interaction of VP22 with cellular membranes, we attempted to map the specific region of VP22 responsible for its membrane association. A series of C-terminal truncation mutants (Fig. 6A ) and a series of reciprocal N-terminal truncation mutants (Fig. 7A) were constructed as described in Materials and Methods. A KyteDoolittle hydrophobicity plot (33) of VP22 was used to strategically select the sites for truncation mutagenesis. This approach was used in an attempt to avoid major disruptions in protein folding that could result from cutting the protein in hydrophobic regions. Both the C-terminal (Fig. 6B ) and the N-terminal ( A7 cells were transfected with the plasmid encoding VP22-GFP and were metabolically labeled with EXPRE 35 S 35 S protein labeling mix for 2.5 h, prior to harvesting at 22.5 h posttransfection. Following incubation in hypotonic buffer, the swollen cells were disrupted by Dounce homogenization, and nuclei were removed by low-speed centrifugation. Postnuclear supernatants were either treated with 1 M NaCl, 0.1 M Na 2 CO 3 , or 1% Triton X-100 or mock treated for 1 h prior to membrane flotation gradient centrifugation. Membrane flotation gradient centrifugation was then performed as described in Materials and Methods. PhosphorImager quantification was performed as described in the legend to Fig. 4C , and results are displayed graphically.
Immunoprecipitated fractions were separated by SDS-PAGE and visualized by autoradiography. (C) Quantification of membrane flotation. SDS-PAGE gels described above were analyzed by PhosphorImager analysis. The percentage of protein in a given fraction was determined by dividing the number of counts for a given fraction by the sum total number of counts of all fractions (see Materials and Methods). PhosphorImager results are displayed graphically. in A7 cells, immunoprecipitated with an anti-GFP antibody, and assayed by SDS-PAGE, which revealed that all constructs were expressed and had the expected molecular masses. Using both live-cell fluorescence and membrane flotation gradient centrifugation, we investigated the abilities of the C-and Nterminal truncation mutants of VP22 to associate with cellular membranes.
As shown in Fig. 6C , deletion of the C-terminal 258, 215, 181, or 137 amino acids resulted in a fluorescence pattern similar to that for GFP expressed alone. In contrast, the wildtype pattern of VP22-GFP fluorescence was retained when only the C-terminal 76 and 31 amino acids were deleted. These results suggest that the region of VP22 that is required for membrane association resides somewhere in the first 225 amino acids. As predicted, only mutants VP22.1-225 and VP22.1-270 associate with cellular membranes as determined by membrane flotation gradient centrifugation (Fig. 6D) To further map the membrane association regions of VP22, we also characterized the N-terminal truncation mutants by live-cell fluorescence and membrane flotation assays (Fig. 7C  and D) . Deletion of the N-terminal 43, 86, or 120 amino acids resulted in various forms of the punctate cytoplasmic and perinuclear fluorescence, whereas removal of the N-terminal 164 amino acids resulted in a primarily nuclear fluorescence with some punctate perinuclear fluorescence. In contrast, still larger deletions of 225 or 270 amino acids resulted in a fluorescence pattern that resembled that of GFP expressed alone. These results suggest that only mutants VP22.43-301, VP22.86-301, and VP22.120-301 retain the membrane-binding domain and should associate with cellular membranes. Flotation gradient analysis confirmed this prediction (Fig. 7D ) and revealed that two of these mutants actually appear to bind membranes better than wild-type VP22. Collectively, all of the truncation mutagenesis experiments indicate that amino acids 120 to 225 are responsible for the membrane association of VP22.
DISCUSSION
Although several studies have addressed the intracellular localization of various tegument proteins, the molecular events associated with the process of tegumentation and final envelopment of HSV-1 nucleocapsids are not well defined. In this report, we provide evidence that an abundant tegument protein, VP22, localizes to acidic compartments of the cell that may include the TGN, the proposed site of herpesvirus final envelopment. Using membrane flotation gradient analysis, we FIG. 7 . Membrane association of VP22 N-terminal truncation mutants. N-terminal truncation mutants of VP22 were constructed, expressed, and analyzed as described for C-terminal truncation mutants in the legend to also have shown that VP22 associates with cellular membranes by means of a functional domain located between residues 120 and 225. To our knowledge, this is the first report that the VP22 tegument protein is both membrane associated and localized to the acidic compartments of the cell. The association of VP22 with cytoplasmic membranes may prove instrumental for the proper tegumentation and envelopment of virions. Subcellular localization of VP22. A significant array of viral proteins, including tegument proteins, glycoproteins, and assembled nucleocapsids, converge at cytoplasmic vesicles to become incorporated into virions. In fact, within neuronal cultures, it has been demonstrated that tegument proteins, glycoproteins, and capsids are transported down axons independently of one another to the putative site of virion assembly (43, 59) . Therefore, each virion protein must have a mechanism for localizing to membrane vesicles-either an intrinsic sorting signal or an interaction with a protein that possesses such a signal. For instance, incorporation of herpesvirus glycoproteins gB, gD, gE, and gI into virions and trafficking through the TGN are facilitated by specific amino acid sequences (2-4, 47, 62, 64, 66, 67) . The cooperative role of an acidic cluster of amino acids and palmitylation of the UL11 tegument protein, which facilitate its localization to the Golgi apparatus, have been described previously (7, 35) . With the exception of UL11, it is not clear which tegument proteins localize to the site of final tegumentation and envelopment, and what molecular mechanisms are responsible for their localization. Since VP22 localizes to acidic compartments of the cell, which may include the TGN within transfected cells, these data indicate that VP22 contains specific intracellular trafficking sequences necessary for directing and retaining the protein at this site. The findings presented in this report provide new insight as well as the groundwork for further studies on the localization of VP22 as it pertains to vesicular trafficking. Perhaps VP22 possesses trafficking signals, analogous to those of UL11 and the glycoproteins, that are required for proper localization of the protein to the site of virion envelopment.
Membrane association of VP22. One of the unexpected findings from this study was that VP22 associates with cellular membranes. Truncation mutagenesis of both the C-terminal and N-terminal regions of VP22 revealed that membrane association is a property attributable to a specific region of the protein. Collectively, the VP22 truncation mutagenesis data suggest that amino acids 120 to 225 contribute to the membrane association of VP22. Although the truncation mutagenesis results indicate that a particular region of VP22 is responsible for its membrane association, we cannot rule out the possibility that the membrane association domain of VP22 may extend beyond this region, due to the potential disruption of tertiary structure. Interestingly, primary structure alignment reveals that the region of HSV-1 VP22 within amino acids 120 through 225 is highly conserved among VP22 homologues of herpesviruses, opening the possibility that membrane association is a conserved attribute of VP22. Studies are now in progress to further dissect this membrane association domain of VP22.
With regard to the mechanism of membrane association, VP22 may bind to membranes either directly, by interacting with phospholipids, or indirectly, by binding to a cellular membrane-associated protein. Given the basic nature of VP22 and its susceptibility to extraction under high electrostatic conditions, we hypothesize that the positively charged basic amino acid residues of VP22 could interact with acidic phospholipids of cellular membranes. Intriguingly, the truncation mutants that float best by gradient analysis also exhibit the greatest net positive charge (number of basic amino acids minus number of acidic amino acids) (data not shown). Similarly, the membrane-binding domain of the Gag polyprotein of Rous sarcoma virus is composed exclusively of basic residues and is extremely sensitive to alterations of the charge, which directly impact the functionality of this protein (10) .
As with the well-characterized retrovirus system, certain tegument proteins of herpesviruses could collectively be considered both structurally and functionally equivalent to the matrix proteins of RNA viruses. Drawing such a parallel, one could hypothesize that certain tegument proteins may contain all of the functional information required to drive HSV-1 final envelopment. In fact, HSV-1 produces L particles, which contain a full complement of tegument and glycoproteins but are devoid of capsids (38, 48, 58) . Increasing experimental evidence supports the idea that the tegument protein, VP22, is a critical structural component of the virion with potential implications for virus assembly. VP22 is capable of interacting with VP16 (13), and yeast two-hybrid analysis has revealed that pseudorabies virus VP22 may interact with both gM and gE (22) . Adding further complexity to the protein-protein interactions that can occur within the virion, VP22 has recently been shown to bind RNA in vitro (52) . With regard to assembly, overexpression of VP22 during viral infection dramatically increases L particle production (34) . Recently, quantitative transmission immunoelectron microscopy analysis of VP22 during HSV-1 infection revealed that approximately 90% of unenveloped capsids within the cytoplasm lack VP22, suggesting that VP22 is acquired as capsids bud into a cytoplasmic compartment (41) . The latter result is particularly interesting if considered with the data presented in this report, which show that VP22 is localized to vesicular membranes. Future research will address the potential functional role of VP22 during tegumentation and final envelopment.
